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Field content of standard model

Gauged adjoint and light chiral fundamentals

m Gauge some group H C G in real representation

m Where do light chiral fields in fundamental of H come
from?

Hint from pions

m Take SU(2)/U(1) toy model

mBroken X andY = Z =X +1iY, Z* = X —iY

m SU(2) ~ 8% = S3/U(1) ~ CP!

m Gauge U(1), toy pions in fundamental complex
representation

m Need fermionic analogue
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Coset spaces

m Assuming gravity mediation
m M > Mp (~ Mcur) > Msusy

Pseudo-Nambu-Goldstone fermions

m 1st and 2nd generation Standard Model fermions =
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Coset spaces
m Assuming gravity mediation Coset Spaces

m My > Mp (~ Mgyr) > Msusy

Pseudo-Nambu-Goldstone fermions

m 1st and 2nd generation Standard Model fermions =
SUSY partners of NG bosons

m Assert 3rd generation as matter fields ~ Mgysy

= Need SUSY nonlinear & model!
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Formulation of SUSY nonlinear ¢ model B

Nambu-Goldstone
Fermions Under

g & E-/SO(10
Supergravity action W)
S. K. Mandal

m In supergravity component Lagrangian,
AﬁNGB — (8/"7-[-1) gl] (8M7TJ) Coset Spaces

ALNE R = ™ (PyP ;) (Deyuthn)
m ¢ and ¢ exhibit shift symmetry for d.o.f.’s in

nonlinear realization.

Complex extension of G

m Symmetry breaking is no G — H, but G¢ — H
m If G/H Kihler, then G/H ~ G°/H

m Otherwise, need extra “quasi-Nambu-Goldstone
bosons” to preserve supersymmetry



Restrictions on G/H

Non-compactness
m Shown by Bagger and Witten, Phys. Lett. B 118 103
(1982) for CP'.

m Gauging on compact coset induces finite D-term,
breaking SUSY
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m Shown by Bagger and Witten, Phys. Lett. B 118 103
(1982) for CP'.

m Gauging on compact coset induces finite D-term,
breaking SUSY

No U(1)'sin H

m Shown by Kugo and Yanagida, Prog. Theor. Phys 124,
555 (2010).

m Kahler transformation in flat space

K(®,®") — K(®,0") + F(®) + Fi(®)



Restrictions on G/ H (cont'd)
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m Under supergravity,
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m For finite W, ¥ — Ye! not sufficient, breaking
G-invariance of theory, giving O(mg3/5) masses to N-G
fields

m F() must vanish

m If H D U(1), global G transformation induces local
U(1), generating Fayet-lliopoulos D-term —gtrV'.

m H 7 U(1), then Lagrangian G-invariant
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Restrictions on G/ H (cont'd)
No U(1)'s in H (cont'd)

m Under supergravity,

-

m For finite W, ¥ — Ye! not sufficient, breaking
G-invariance of theory, giving O(mg3/5) masses to N-G
fields

s F) must vanish

m If H D U(1), global G transformation induces local
U(1), generating Fayet-lliopoulos D-term —gtrV'.

m H p U(1), then Lagrangian G-invariant

Summary: G/H Kahler and non-compact, H 7 U(1)
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Choosing G = E-

Formal motivations for E-

m Appears in N = 8 supergravity

m Nonlinear realization gives the "simplest field theory”
[Arkani-Hamed, Cachazo, Kaplan arXiv:0808.1446)]
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m Appears in N = 8 supergravity

m Nonlinear realization gives the “simplest field theory”
[Arkani-Hamed, Cachazo, Kaplan arXiv:0808.1446)]

Preliminaries

GUT-like representations

SUB)D b+ 5" )P 106p5*
SO(10) D10y P16 — 5+ 5 ) P LOP 5 P 1
E7 gives right flavor cosets:

m E;/[SU(5) x U(1)3] — (10 5*) x 3+ 5

m E7/[SO(10) x U(1)?] — (10 5*) x2+ (54 5")u

m FEjg too small, Eg gives mirror families
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GUT-less E7/SO(10) model

m Global symmetry must be gauged anyway = gauge
SU3)c x SU(2)L x U(l)y C SO(10)

m Don't need universal M,

m Explicitly break U(1)? for coupling to supergravity,
gives two “novinos” Nj, No ~ Mp
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GUT-less E7/SO(10) model

m Global symmetry must be gauged anyway = gauge
SU3)c x SU(2)L x U(l)y C SO(10)

m Don't need universal M,

m Explicitly break U(1)? for coupling to supergravity,
gives two “novinos” Nj, No ~ Mp

m Superpotential:
W =Wy +Ws+ Wg
where

Wy = Y,-10-10-55 +Y;-10-5" - 5%
Wsg = M,-1-1+Myx-N-N
Wy = p-5g-bpg*
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GUT superpotential

Additions to superpotential
AW = Ws + Wq
where

Wy = MsTrY? 4+ MTry3
WH/ = )\1-5H'2-5}kq
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GUT superpotential

Additions to superpotential

AW = Wy + War

where

Wy = MsTrY? 4+ MTry3
WH/ = )\1'5H‘2'5Z{

Outstanding issues

m Set right boundary conditions for Qpjs
m Evade LHC bounds?
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Making ]\{[GUT =~ ]\/{[)
S~245(8,1)@(1,3) @ (1,1) @ (3,2) @ (3%, 2)

m Since gauging anyway, gauge un-Higgsed part of 24
m R-charge of Tr 23 # 2 =— )\ < 1 natural =
m3s L Mgur
Choose: ~ 10'? GeV
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Making ]\{[GUT =~ ]\/f[)
S~245(8,1)@(1,3) @ (1,1) @ (3,2) @ (3%, 2)

m Since gauging anyway, gauge un-Higgsed part of 24
m R-charge of Tr 23 # 2 =— )\ < 1 natural =
m3s L Mgur
Choose: ~ 10'? GeV

50

30- *

20+ B

15
10° 10" 10" 10" 10" 10"
n[Gev]
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Solving the double-triplet splitting problem

Missing partner mechanism

m 50 of SU(5) contains color (3,1), not weak (1, 2)
m Explicit triplet Higgs 5 + 57 to 50 + 50" coupling

W = )\T~5H~<75>-50+C.C.

m Huge threshold corrections?
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m 50 of SU(5) contains color (3,1), not weak (1, 2)
m Explicit triplet Higgs 5 + 57 to 50 + 50" coupling

Wr = )\T~5H~<75>-50+C.C.

GUT model

m Huge threshold corrections?

Product group unification

n SU(5)G e SU(5)G X SU(3)H X U(l)H

m Diagonal
SU@3). C SU(3)g x SU(3)y

U(l)y @ U(l)G X U(I)H
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Q(m + A2)Q + %mgTr(EQ) +hHQG + c.c.

where
Q i (5*7371) , 4~ (17371)

and
<Q> ~vls, <Z> i dlag(ga 3, =2, =2, _2)



Product group unification (1/2 v
g p ( / ) Nanl;b[L):GoIdstone
Fermions Under

Breaking Er/S0(10)

S. K. Mandal

Q(m+ A\X)Q + %mgTr(EQ) + hHQqG + c.c.

where
QN(5*7371)7 qN(17371)
and GUT model

<Q> i UI3 ) <E> e dlag(gv 37 _27 _2? _2)

Gaugino mass splitting
Modified soft breaking

2

1

o EMHI)\HI)\Hl + c.c.

1 1
ALgsp = — =Mglgia — “2‘MH3/\H3)\H3
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Gaugino mass splitting S. K. Mandal

m Re-weighted SM gaugino soft masses:

M M,
M3:>g§<ﬂ+—G>

2 2
gH3 gG GUT model
M M,
M = g% # i —2G
151 dg

m Changes in low-energy phenomenology:
M3 = M1/2 :>M3 ~ 2 X M1/2

My ~ My



MSSM analysis

Soft masses
B M3 = moz) = 1TeV
L] mo(l,g) =0
CEERELIE R
u M’input e MP
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MSSM analysis Quarks and

Leptons as
Nambu-Goldstone
Fermions Under

Soft masses F7/50(10)

S. K. Mandal
B mg/y = moz) = 1TeV

m M1 =0
m Ay =0, my, = mpg, =0
n Minput e MP

Low Energy Results

Uncertainties in tan 3

m With finite  term, b commonly of the same order
(connected through hidden sector)

m Spectrum unaffected, except for small shift in 7, b
masses

m Direct detection cross section varies from 4 x 10~47 cm?
(tan 3 = 10) to 4 x 1076 cm? (tan 3 = 50) due to Hy
contribution to x?{.



Spectra

Choose SPS1a for comparison since slepton/light gaugino
spectra similar:

| Field | SPS1a | M3 = My, | M3 =500 GeV |
X0 100 100 100
X9 X 180 230 230
lr2) 140 120 120
lL(1,2) 200 200 200
Hy, AO, 400 970 1100
T Xg4 380 960 1100
70y 200 1000 1000
t 550 920 1200
g 600 789 1250
q1.2 550 680 1100
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Newest model-independent constraints

0 Squark-gluino-neutralino model (m __ =0 GeV)

200 q
> ST TTTTIATLAS Preliminary
3 ——|! || iolepton 2011 combined
= e i % 1| i CL, observed 95% C.L. limit
@ i
g i i ===+ CL, median expected limit
£ I A s xp. limit 68%, 99% CL
x~ 1500 ] \
.li i |‘ - j—— 2010data PCL 95% C.L. limit]
= i . L™ 104" \s=7 TeV ]
w ~

1250

o aey S00T P8
10170 X

750

500

app’ies to gugy = 10Pb 7

250
0<m g,

0 250 500 750 1000; 1250 1500 1750 2000
1075 dluino mass [GeV]
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Constraint on model points

Jets 4+ missing Erp

> 3-jet signal region only 10 &2 SM events at 165pb ™%

|

| SPS1a | M5 = My, | M3 =500 GeV |

Prod. ¢ | 4.5 pb 0.6 pb 16 fb
Efficiency | 12% 28% 29%
£0s) 17pb 1| 15ph T 10f
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Constraint on model points

Jets + missin

> 3-jet signal region only 10 &2 SM events at 165pb ™%

g Er

|

| SPS1a | M5 = My, | M3 =500 GeV |

Prod. ¢ | 4.5 pb 0.6 pb 16 fb
Efficiency | 12% 28% 29%
£0c) Tdph ] 15ph 10 fb!
Multiplicities

Mistag rates: 7-jet (8%), b-jet (5%)

|

| SPS1a | M3 = My, | M3 =500 GeV |

b-jets | 18% 5% 5%
T-jets 8% 9% 9%
) 8% 14% 14%
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Dark matter phenomenology

Detection

m 0, excludable by XENON100/1T

[ X(l) mostly bino, < ov >, is p-wave suppressed

10%
&
£10%
S,
c 10%
S
S 107
8 -41
@ 10
010
§ 104
< 10%
g 45
g 10
2 10
& 10%7

10

LLLLL B AL UL L IR L AL UL L R

DAMA (5430g.0.1.) [Savage et al.]
XENON10 (2007)

CDMS (2008)

XENON100, 5-30 keV (2009)

** XENON100 Upgrade, 5-30 keV (2012)

XENON1T, 2-30 keV (2015)
CMSSM [Ruiz et al.]

0 10°
WIMP Mass [GeV/c?
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Quarks and
S umma ry Leptons as
Nambu-Goldstone
Fermions Under
Er7/S0(10)
Created consistent E7/SO(10) coset model with S. K. Mandal

distinctive collider signatures

Can be ruled out by DM direct detection in 1-5 years
depending on tan 8

Summary

Can be ruled out by LHC Higgs search in ~ 10 fb™*
(by end of 2011 at ~ 80 pb™!/day)
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